Background Fucoidan is derived from seaweed widely used in Japanese cuisine, but little is known about its influence on glucose metabolism. To obtain information about the physiological effects of fucoidan on glucose metabolism, the digestive system, and the gustatory system controlling taste sensation in patients with type 2 diabetes, we conducted a randomized, double-blind, placebo-controlled study. Methods Thirty patients with type 2 diabetes on diet therapy were recruited from an outpatient clinic (22 men and 8 women aged 59.10 ± 13.24 years, body mass index: 25.18 ± 3.88, hemoglobin A1c: 7.04 ± 1.24%). They were divided into 2 groups and underwent 2 interventions with a 4-week interval. One group received fucoidan for 12 weeks (a daily 60 mL test beverage containing 1,620 mg of fucoidan) and then placebo (60 mL) for the subsequent 12-week period, while the order was reversed in the other group. Evaluation was performed just before and after each intervention. Taste sensitivity was measured for 5 basic tastes by the filter paper disk method and food intake was evaluated with a validated diet questionnaire. Results No adverse events occurred during the study period. Despite no change of the diet, stool frequency increased during fucoidan intake (from 7.78 ± 4.64/week in Week 1 to 9.15 ± 5.03/week in Week 5, P < 0.001), and it increased more in lean subjects. In 11 subjects whose stool frequency exceeded the mean value, the thresholds for sweet, salty, bitter and umami tastes were significantly reduced (enhancement of sensitivity) after fucoidan intake. In 14 subjects with normal HOMA-IR (homeostatic model assessment of insulin resistance, < 2.5), hemoglobin A1c decreased after fucoidan intake (from 6.73 ± 1.00 to 6.59 ± 1.00%, P < 0.05), as did the fasting plasma level of GLP-1 (glucagon-like peptide-1, from 6.42 ± 3.52 to 4.93 ± 1.88 pmol/L, P < 0.05). Conclusion Sustained fucoidan intake led to alterations of gastrointestinal function, including increased stool frequency and enhanced taste sensitivity, which could contribute to better control of diabetes.
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dietary fiber; fucoidan; glucagon-like peptide1; taste sensitivity; type 2 diabetes mellitus In dietary therapy for diabetes, appropriate energy intake, nutritional balance and timing of meals are considered to be important factors. [1] [2] [3] With regard to nutritional balance, it is important for the diet to contain a certain amount of fiber in addition to appropriate amounts of carbohydrates and lipids. 4 To achieve sufficient intake of dietary fiber, it has been reported that premodern firm foods with high dietary fiber content are more suitable than modern Westernized soft foods with low dietary fiber content. 5 Regarding dietary fiber, it has been reported that soluble dietary fiber, which seaweed contains in large amounts, slows the absorption of carbohydrate and improves the intestinal environment including bacterial flora. [6] [7] [8] [9] [10] In particular, microbiota-accessible carbohydrate (MAC) in dietary fiber is involved in growth of the intestinal flora and regulation of the intestinal environment. 11 Furthermore, it has been reported that expression of the intestinal sweet taste receptor is altered in type 2 diabetes, 12 which is one of the possible links between deterioration of the intestinal environment affecting taste receptors to alter their sensitivity and impairment of carbohydrate/lipid metabolism such as insulin resistance, obesity and diabetes. 13, 14 In the present study, we focused on high molecular weight fucoidan extracted from "mozuku," a seaweed commonly used in healthy Japanese dishes. 15, 16 Animal studies have shown that fucoidan with low molecular form influences glucose metabolism, including the promotion of insulin secretion, pancreatic protection, improvement of insulin resistance and inhibiting the progression of diabetic nephropathy. [17] [18] [19] [20] [21] [22] [23] However, only a few animal studies using high molecular weight fucoidan were performed so far because of its rather labile nature despite an ample history of use as foods in humans. In fact, high molecular weight fucoidan was reported to increase intestinal peristalsis in humans, 24 whereas its effects on diabetes and glucose metabolism have not been investigated so far. Accordingly, to clarify the effects of high molecular weight fucoidan on diabetes when administered for a long period, we planned a randomized, double-blind, placebo-controlled study in patients who had not received pharmacotherapy for diabetes. We investigated the effects of long-term intake of high molecular weight fucoidan on various biochemical parameters of diabetic control. In order to assess the influence of the intestinal environment on taste sensation, we also analyzed the relation between gustatory function and intake of fucoidan.
SUBJECTS AND METHODS

Subjects
Out of the patients with type 2 diabetes attending the outpatient clinic of Hakuai Hospital, Japan from March through April 2015 who were on diet therapy only, 30 patients who gave consent were enrolled in the study. They included 22 men and 8 women aged 59.10 ± 13.24 years (mean ± SD, range: 30-79 years), with a body mass index (BMI) of 25.18 ± 3.88 kg/m 2 , hemoglobin A1c (HbA1c) of 7.04 ± 1.24% and fasting plasma glucose (FPG) of 7.59 ± 2.21 mmol/L.
Out of the 30 subjects, two subjects discontinued the study before completion (one subject failed to ingest
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(1) Fig. 1 . Study design. This was a randomized, double-blind, placebo-controlled, cross-over study. Evaluations were conducted at times (1) to (4) . Evaluations included the diet history, number of bowel movements, stool characteristics, clinical parameters, biochemistry tests and assessment of the taste threshold (sweetness, saltiness, sourness, bitterness and umami).
the study drink as instructed, and the other subject was transferred to another hospital), and 28 subjects were included in the analysis (Fig. 1) . Data for discontinued subjects were excluded from analysis.
Study design and intervention
This was a randomized, double-blind, placebo-controlled, cross-over study (Clinical trial registration number: UMIN 000031171). The subjects received numbers in the order of giving informed consent, and subjects with odd numbers were assigned to Group A while those with even numbers were assigned to Group B. Group A ingested fucoidan for the first intervention, followed by placebo for the second intervention, while the order was reversed in Group B. The first intervention involved daily intake of fucoidan or placebo for 12 weeks and was followed by a 4-week washout period, after which the study treatments were switched for the second 12-week intervention period ( Fig. 1 ).
Study treatments (fucoidan and placebo) Fucoidan
The fucoidan beverage (Fucomin, Marine Products Kimuraya , Sakaiminato, Japan) used as the study drug contained 810 mg (dry weight) of high molecular weight fucoidan (molecular weight: 240,000, sulfate content: 13%) per 30 mL. 15, 16 One dose of this beverage (30 mL) was taken before breakfast and dinner (60 mL/day). The safety of fucoidan was previously confirmed up to 4,050 mg/day in an overdose study conducted by Abe et al. 25 
Placebo
The placebo beverage (30 mL twice daily= 60 mL/ day) contained purified water and starch for viscosity. Its color was adjusted with synthetic colorant until the appearance was identical to the active beverage. Because fucoidan does not have any taste or smell, taste was not adjusted.
Parameters evaluated
Evaluation of the following parameters was conducted before and after the first and second interventions (Fig. 1) .
Food intake
Food intake was evaluated by using the brief-type self-administered diet history questionnaire. This questionnaire assesses food intake over a 1-month period, and the mean time required to answer it is approximately 15 minutes. 26, 27 Based on the responses submitted, a nutritional value program was used to calculate the daily intake of 30 different nutrients and 50 different foods for each subject.
Bowel movements and stool characteristics
During the intervention period, the presence/absence of abdominal signs, number of bowel movements, and stool characteristics were documented by the subjects using record sheets. The number of bowel movements was evaluated on a weekly basis. Stool characteristics were recorded by referring to illustrations showing scales for hardness and color (darkness). 28 Hardness was classified into 6 grades ranging from 1 (soft) to 6 (hard), while color was classified into 7 grades ranging from light brown (1) to dark brown (7). The stool record sheets were collected every 4 weeks.
Clinical data and biochemical parameters
Clinical data were collected from the medical records, including the height, weight, BMI, body fat, abdominal circumference and blood pressure. A fasting morning blood sample was collected to measure baseline levels of HbA1c, fasting plasma glucose (FPG), triglycerides, total cholesterol, high density lipoprotein-cholesterol (HDL-C), low density lipoprotein-cholesterol (LDL-C), aspartate transaminase (AST), alanine aminotransferase (ALT), γ-glutamyl transpeptidase (g-GTP), baseline glucagon-like peptide-1 (GLP-1), high molecular weight (HMW) adiponectin, insulin, leptin and zinc. The plasma GLP-1 level was measured by a solid-phase enzyme immunoassay kit (GLP-1 Active Form Assay Kit-IBL, Immuno-Biological Laboratories, Fujioka, Japan) using a blood sample collected in a tube containing an anticoagulant and protease inhibitors (BD™ P800 Blood Collection System, NJ). Serum HMW adiponectin and leptin levels were measured with enzyme-linked immunosorbent assay kits (High Molecular Weight Adiponectin ELISA Kit, Otsuka Pharmaceutical, Tokyo, Japan; and Human Leptin Quantikine ELISA Kit, R&D Systems, MN, respectively).
The homeostatic model assessment of insulin resistance (HOMA-IR) was used as the index to measure insulin resistance. HOMA-IR was calculated as fasting insulin (mU/mL) × fasting plasma glucose (mmol/L)/22.5.
Taste threshold
Thresholds for recognition of the 5 basic tastes (sweetness, saltiness, sourness, bitterness and umami) were evaluated by the filter paper disk method. A filter paper disk (5 mm in diameter) soaked with a taste solution was applied to the tip of the tongue, which is innervated by the chorda tympani nerve, for 3 seconds with the mouth open. Taste solutions of 5 different concentrations were applied in order from low to high, and the taste recognition threshold was defined as the concentration that the subject identified correctly. The threshold was classified as Concentration 1 to Concentration 5 in the order of low to high concentrations, and the result was recorded as Concentration 6 if a subject could not identify the taste at Concentration 5.
Assessment was conducted in the order of sweetness, saltiness, sourness, umami and bitterness. To eliminate residual taste, the subjects gargled with water and a one-minute interval was set between each taste test.
Taste Discs (Sanwa Kagaku Kenkyusho, Nagoya, Japan) were used to test sweetness, saltiness, sourness and bitterness. [29] [30] [31] For umami, Ajinomoto (Ajinomoto, Tok yo, Japa n) cont a i n i ng 97.5% monosod iu m L-glutamate and 2.5% 5-ribonucleotide sodium was used (Table 1) . Subjects were asked to fast from 21:00 on the day before testing. Smoking was prohibited from 30 minutes prior to testing. In order to reduce the influence of environmental factors, the test was done in a quiet room at a temperature of 25ºC.
Statistical Analysis SPSS ver. 21.0 was used for statistical analysis. Results are expressed as the mean ± SD. The paired t-test was used for comparison between before and after intervention, while the unpaired t-test was used for intergroup comparisons. Multivariate analysis (multiple regression analysis) was conducted using HbA1c as a dependent variate. In all analyses, the level of significance was 5%.
Ethical considerations
Patients received written and oral explanations about the purpose and methods of this study, and written informed consent was obtained from all subjects prior to enrolment.
This study was approved by the Institutional Review Board of Tottori University Faculty of Medicine (February 2015, Approval ID: 2642) and was performed according to the Declaration of Helsinki.
RESULTS
Food intake
Daily food intakes including seaweeds did not show any significant difference between fucoidan and placebo groups (seaweeds: 12.37 ± 10.88 vs 9.87 ± 11.96 g/day). Intake of fucoidan or placebo did not lead to any significant changes of food intake in the subjects.
Bowel movements and stool characteristics
The number of bowel movements increased significantly with fucoidan intake (7.78 ± 4.64 /week in Week 1, 9.15 ± 5.03 /week in Week 5, P < 0.001). The change in the number of bowel movements (difference between Weeks 1 and 5) was also significantly larger with fucoidan intake (+1.37 ± 1.86 /week with fucoidan intake versus +0.20 ± 1.61 /week with placebo intake, P < 0.05, Table  2 ). Stool hardness and color were not significantly different between fucoidan and placebo intake.
Clinical data and biochemical parameters Analysis of the overall study population After intake of fucoidan or placebo, there were no significant changes of the BMI, blood pressure, fasting plasma glucose, HbA1c, serum lipids, hepatic function and zinc. After fucoidan intake, a significant decrease of the baseline GLP-1 and HDL-C levels was observed. The leptin level was significantly increased after placebo intervention (Table 3) .
Taste thresholds of the 28 subjects before the intervention were compared with those of 108 healthy adults reported in a literature, 32 which showed significant elevation in the subjects with diabetes for sweetness (3.36 ± 1.50 vs 2.44 ± 1.12, P < 0.01) and sourness (3.18 ± 1.31 vs 2.59 ± 1.07, P < 0.05).
Analysis of subjects whose bowel movements increased during fucoidan intake
Since there were marked individual variations in the response of bowel movements to fucoidan, clinical data were compared before and after fucoidan intake in 11 subjects (7 men and 4 women) in whom the mean increase of bowel movements was above average. No significant changes of the parameters occurred after placebo intervention, but fucoidan intervention resulted in a significant increase of leptin and a significant decrease of the baseline GLP-1 level (leptin: before: 0.36 ± Table 4 ).
Regarding the taste threshold, significant decreases of the following thresholds were observed only after fucoidan intervention: sweetness (before: 3.30 ± 1.34, after: 2.10 ± 0.88), saltiness (before: 2.60 ± 0.97, after: 1.70 ± 0.67), bitterness (before: 3.20 ± 1.23, after: 2.10 ± 0.88) and umami (before: 5.20 ± 0.92, after: 4.20 ± 1.40, Fig. 2) .
Analysis of the subgroup with HOMA-IR < 2.5 before intervention
In the group with an above average increase of bowel movements, HOMA-IR values were lower before intervention compared to those of the group with a below average increase of bowel movements (group with above average increase of bowel movement: 2.62 ± 1.39 times/ week, group with below average increase of bowel movement: 2.99 ± 2.14 times/week). Accordingly, clinical parameters were compared in 14 subjects (10 men and 4 women) in whom HOMA-IR was not above the normal range (< 2.5). A significant decrease of HbA1c and the baseline GLP-1 level was observed only after fucoidan intake (HbA1c: before: 6.73 ± 1.00%, after: 6.59 ± 1.00%, baseline GLP-1: before: 6.42 ± 3.52 pmol/L, after: 4.93 ± 1.88 pmol/L). The leptin level increased significantly after intake of both fucoidan and placebo (Table 5) .
Multiple regression analysis
Multiple regression analysis was conducted using HbA1c after fucoidan intervention as a dependent variable and other parameters (leptin, HMW-adiponectin, baseline GLP-1 and HOMA-IR) after fucoidan intervention as independent variables. As a result, no parameter was significantly associated with an increase or decrease of HbA1c.
Adverse events
No adverse events were observed during the intervention period, including symptoms, objective signs and abnormal biochemistry data.
DISCUSSION
A relationship between diabetes and the gustatory system has attracted lots of attention since the discovery of taste receptors on the intestinal epithelium where augmentation of insulin secretion is provoked through the incretin pathway. [33] [34] [35] [36] [37] Accordingly, this randomized, double-blind, placebo-controlled, cross-over study investigated the effects of long-term intake of high molecular weight fucoidan on clinical parameters, the intestinal environment, and the gustatory system controlling taste sensation in patients with type 2 diabetes.
Studies conducted so far have indicated that high intake of fucoidan is safe, and does not induce abnormalities of the gastrointestinal tract or stool condition. 25 However, it has been reported that intestinal absorption of minerals, specifically zinc, is inhibited when a large amount of dietary fiber is taken for a long period. 38, 39 Therefore, it was a concern that long-term intake of fucoidan, a form of dietary fiber, might reduce the serum zinc level, 17 which may in turn lead to the impairment of taste sensation. 40 As a results, there was no significant decrease of the serum zinc level with both fucoidan and placebo intake in this intervention study.
On the other hand, HDL-C and the baseline GLP-1 level both decreased significantly after intake of fucoidan. The decrease of GLP-1 is discussed below with the subgroup analysis. While the mechanism of these 12.10 ± 1.38 Data are the mean ± SD; *: P < 0.05. AST, aspartate transaminase; ALT, alanine aminotransferase; BMI, body mass index; FPG, fasting plasma glucose; γ-GTP, γ-glutamyl transpeptidase; GLP-1, glucagon-like peptide-1; HbA1c, hemoglobin A1c; HDL-C, high density lipoprotein-cholesterol; HMW, high molecular weight; HOMA-IR, homeostatic model assessment of insulin resistance; LDL-C, low density lipoprotein-cholesterol; T-cholesterol, total cholesterol. changes is unclear, the results suggested that both parameters should be monitored when fucoidan is used for a long period. However, none of the changes of clinical and biochemical parameters were classified as adverse events. Accordingly, it was considered that long-term intake of fucoidan is feasible in diabetic patients on diet therapy.
This study also demonstrated a significant increase in the number of bowel movements after fucoidan intake. A previous report suggested that fucoidan intake increases intestinal peristalsis in middle-aged subjects. 24 Fucoidan is a water-soluble dietary fiber that provides microbiota-accessible carbohydrate (MAC) to some intestinal bacteria. After that, MAC is digested in the intestine which generates organic acids there. These organic acids reduce the intestinal pH and enhance peristalsis, and the acidic intestinal environment also inhibits growth of undesirable bacteria such as Clostridium welchii and increases the number of beneficial bacteria such as Bifidobacteria. [41] [42] [43] These changes of the intestinal environment during long-term intake of fucoidan may have led to the increase of bowel movements. Although none of the subjects complained about the increase of bowel movements, this should be explained before patients start long-term intake of fucoidan.
The subgroup with an above average increase in the number of bowel movements showed a decrease of the baseline GLP-1 level, an increase of leptin and increased sensitivity to 4 tastes (except sourness) after intake of fucoidan. Recently, it was demonstrated that taste receptors are expressed throughout the entire gastrointestinal tract epithelium, [33] [34] [35] [36] [37] and that sweetness receptors in the small and large intestines are involved in the secretion of GLP-1. [44] [45] [46] [47] In this context, it is possible that the changes of GLP-1 and the taste threshold could be due to modulation of the intestinal environment by fucoidan intake. In short, fucoidan may have altered the intestinal environment as a prebiotics, thus affecting the regulation of GLP-1 secretion via intestinal taste receptors.
Furthermore, the group with an above average increase of bowel movements had lower HOMA-IR values compared to the group with a below average increase. Accordingly, a subgroup without insulin resistance (HOMA-IR < 2.5) was extracted and clinical parameters were compared. Interestingly, a significant decrease of HbA1c and the baseline GLP-1 level was seen after intake of fucoidan in this subgroup. This finding suggests that intestinal changes related to fucoidan intake may lead to improvement of glucose metabolism when insulin sensitivity remains normal. [48] [49] [50] [51] Decreased taste sensitivity was documented in patients with diabetes observed in this study or reported in literatures, 52 which presumably comes from the cause other than diabetic neuropathy. It is believed to have a close link with a possible deterioration in the nutrient sensing and incretin secretion systems both held on the intestinal epithelium to augment insulin secretion. 37 In this regard, the enhancement of taste sensitivity and the subtle, but significant decrease in HbA1c following the fucoidan intervention, which have not been documented before as a result of an RCT trial, seem to provide a reasonable assumption that restoration of the intestinal and oral environment by some prebiotics such as fucoidan could ameliorate diabetes control through the nutrient sensing and the incretin secretion systems. Determining postprandial GLP-1 levels could have contributed to it.
There are reports showing suppressive effect of leptin on taste responses, 53 which could spoil the fucoidan effect. The results of leptin levels in this study, however, were equivocal. They rose after fucoidan and/ or after placebo depending on the subgroup studied. The elevation of leptin by fucoidan may have been related to incidental weight gain by a small number of subjects during the study, because the leptin level reflects body fat mass and it also increased after placebo intake.
There have been interesting reports about improvement of the intestinal microflora by a low fat and high fiber diet, suggesting that foods rich in dietary fiber such as fucoidan may be beneficial. [54] [55] [56] And also, employment of high molecular weight fucoidan in the present study in humans still has a novelty in regard to its advantage as possible candidates for functional food with health-promoting benefits. That is because it has an ample history of use as foods in humans despite its poorer animal studies than those using low molecular weight fucoidan.
This study had several limitations. First, the number of bowel movements and stool characteristics (color and form) were used as indices for assessment of the intestinal environment, but evaluation of other relevant parameters such as characteristics in intestinal microflora, fatty acid levels, variations in fucoidan dosage, etc., might have influenced the conclusions. Second, only 28 subjects were analyzed in this study. If more subjects had been enrolled for analysis, significant changes of other parameters might have been observed. Third, all of the subjects were Japanese. Since bacterial strains that can utilize seaweed constituents as MAC may be present in the intestinal flora of Japanese individuals due to their high dietary intake of seaweed, 57 we must be careful when attempting to apply the conclusions of this study to other ethnic populations. Fourth, there remains the possibility that some food rich in dietary fiber could replace the effect obtained by fucoidan ingestion, whereas fucoidan still has substantial advantages for its ample history of use as dietary fiber in humans as well as for the documented evidence of probability based on the results of the RCT trial in this article. Fifth, the biochemical and gustatory findings in humans observed in the study are not supported by their corresponding findings in animal models because of the lack of study using high molecular weight fucoidan in animals.
